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Abstract
Marine dissolved organic matter (DOM) varies in its recalcitrance to rapid microbial degradation. DOM of
varying recalcitrance can be exported from the ocean surface to depth by subduction or convective mixing and
oxidized over months to decades in deeper seawater. Carboxyl-rich alicyclic molecules (CRAM) are characterized
as a major component of recalcitrant DOM throughout the oceanic water column. The oxidation of CRAM-like
compounds may depend on speciﬁc bacterioplankton lineages with oxidative enzymes capable of catabolizing
complex molecular structures like long-chain aliphatics, cyclic alkanes, and carboxylic acids. To investigate the
interaction between bacteria and CRAM-like compounds, we conducted microbial remineralization experiments
using several compounds rich in carboxyl groups and/or alicyclic rings, including deoxycholate, humic acid, lig-
nin, and benzoic acid, as proxies for CRAM. Mesopelagic seawater (200 m) from the northwest Sargasso Sea was
used as media and inoculum and incubated over 28 d. All amendments demonstrated signiﬁcant DOC removal
(2–11 μmol C L−1) compared to controls. Bacterioplankton abundance increased signiﬁcantly in the deoxycholate
and benzoic acid treatments relative to controls, with fast-growing Spongiibacteracea, Euryarcheaota, and slow-
growing SAR11 enriched in the deoxycholate treatment and fast-growing Alteromonas, Euryarcheaota, and
Thaumarcheaota enriched in the benzoic acid treatment. In contrast, bacterioplankton grew slower in the lignin
and humic acid treatments, with oligotrophic SAR202 becoming signiﬁcantly enriched in the lignin treatment.
Our results indicate that the character of the CRAM proxy compounds resulted in distinct bacterioplankton
removal rates of DOM and affected speciﬁc lineages of bacterioplankton capable of responding.
Carboxyl-rich alicyclic molecules (CRAM), deﬁned as a
diverse array of organic compounds enriched with carboxyl-
ated and fused alicyclic rings, comprise some of the more recal-
citrant compounds in the ocean (Hertkorn et al. 2006). Similar
in structure to steroids and hopanoids, CRAM compounds are
resistant to rapid microbial degradation (Hertkorn et al. 2006;
Flerus et al. 2012; Lechtenfeld et al. 2014; Repeta 2015). While
only 3% of dissolved organic carbon (DOC) in the deep ocean
can be characterized as speciﬁc biochemicals (Benner and
Amon 2015), the broad group of CRAM compounds can
account for 8% of the bulk DOC in the open ocean, yet the
dynamics of such compounds remain understudied.
DOC dynamics in the northwestern Sargasso Sea follow
regular annual patterns of seasonal accumulation in the sur-
face during summer, autumn stratiﬁed periods, and redistribu-
tion from the surface into the upper mesopelagic water during
winter convective mixing (Carlson et al. 1994; Hansell and
Carlson 2001). Convective mixing near the Bermuda Atlantic
Time-series Study (BATS) site can extend deeper than 300 m,
leading to DOC export of 0.3–1.4 mol m−2 y−1 from the
*Correspondence: shutingliu@ucsb.edu
This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modiﬁcations or adaptations are made.
Additional Supporting Information may be found in the online version of
this article.
1
euphotic to the upper mesopelagic zone (100–300 m) (Carlson
et al. 1994; Hansell and Carlson 2001). Exported DOC is of
varying recalcitrance; some turns over on time scales of weeks
to months (i.e., semi-labile DOC) and some turns over on time
scales of years (i.e., semi-refractory DOC) (Hansell et al. 2012;
Hansell 2013; Carlson and Hansell 2015).
During and shortly following deep convective mixing,
bacterioplankton abundance increases within the upper meso-
pelagic zone at BATS (Carlson et al. 1996), coinciding with the
timing of DOC removal within the upper mesopelagic (Carlson
et al. 1994; Hansell and Carlson 2001). These dynamics suggest
that a portion of the surface-accumulated DOC, which resists
or escapes microbial degradation (including CRAM), is metabo-
lized by mesopelagic bacterioplankton. This process may
depend on speciﬁc bacterioplankton lineages with specialized
metabolic pathways for catabolizing complex molecular struc-
tures, including long-chain aliphatics, cyclic alkanes, and car-
boxylic acids. For instance, single-ampliﬁed genomes from
SAR202 subgroup III encode multiple families of oxidative
enzymes involved in the degradation of cyclic alkanes. Landry
et al. (2017) postulated that members of the SAR202 clade play
an important role in oxidation of recalcitrant DOC. Previous
studies at BATS have shown that SAR11 ecotypes Ib and II,
marine Actinobacteria, SAR202, and OCS116 all increase in their
relative abundance within the upper mesopelagic water during
periods shortly following deep convective mixing (Morris et al.
2005; Carlson et al. 2009; Treusch et al. 2009), further
suggesting that speciﬁc mesopelagic microbes are capable of
responding to the ﬂux of recalcitrant DOM compounds trans-
ported downward via convective mixing.
Studies have shown that DOC becomes diagenetically altered
over time and depth through microbial processing. Goldberg
et al. (2009) measured temporal changes of dissolved combined
neutral sugars (DCNS) relative to DOC concentrations in the
upper 300 m at BATS. Surface-accumulated DOC that was
exported to the mesopelagic was degraded from spring to sum-
mer, resulting in a subsequent decrease in DCNS yield and
change in the mole fraction of speciﬁc neutral sugars consistent
with diagenetic alteration. Kaiser and Benner (2009) reported
that carbon-normalized yields of amino acids, neutral sugars,
and amino sugars decreased with depth at BATS, suggesting
microbial transformation of DOC to more recalcitrant material
over depth. Incubation studies have shown that measures of dis-
solved organic matter (DOM) composition, such as ﬂuorescence
from humic-like DOM, D-amino acid concentrations, and molec-
ular features detected through Fourier-transform ion cyclotron
resonance mass spectrometry (FTICR-MS), shift over long incuba-
tions (Kramer and Herndl 2004; Kawasaki and Benner 2006;
Lonborg et al. 2009; Koch et al. 2014), indicating that microbial
remineralization processes alter DOM quantity and quality.
The objective of this study was to examine the oxidation of
CRAM-like compounds of varying recalcitrance by bacter-
ioplankton in order to help predict the fate of exported DOM
within the mesopelagic ocean. Results from mesopelagic bacter-
ioplankton remineralization experiments indicate that speciﬁc
bacterioplankton lineages were capable of remineralizing and
transforming the various forms of amended CRAM proxies.
These ﬁndings improve our understanding of linkages between
lineage-speciﬁc bacterioplankton growth and DOM composi-
tion, thus, providing further insight into the strategies of car-
bon allocation and niche specialization in the oceanic water
column.
Materials and methods
Experimental setup
Mesopelagic seawater (200 m) from Hydrostation S (32100N,
64300W) in the northwestern Sargasso Sea was collected
onboard the R/V Atlantic Explorer via Niskin bottles on a conduc-
tivity, temperature, and depth (CTD) proﬁling rosette. Water was
collected on 07 September 2016 when the water column was
thermally stratiﬁed (mixed layer of 22 m). Concentrations of
nitrate plus nitrite and phosphate were 1.30–1.44 μmol L−1 and
0.10–0.16 μmol L−1 at 200 m, respectively, not considered to be
limiting to bacterioplankton (Carlson et al. 2004).
Natural assemblages of mesopelagic bacterioplankton were
incubated in grazer-reduced seawater cultures and allowed to
grow on naturally occurring substrates alone or in combina-
tion with organic amendments as described in Carlson et al.
(2004). Brieﬂy, seawater cultures were prepared by diluting
whole (unﬁltered) 200 m seawater by 70% with 0.2 μm meso-
pelagic ﬁltrate (Carlson et al. 2004). The inoculum and ﬁltrate
were mixed within a 12 L polycarbonate carboy and then
transferred to duplicate 5.5 L polycarbonate biotainer carboys
(Nalgene). All plasticware was soaked with 10% HCl and
ﬂushed with Milli-Q water prior to use.
We chose four CRAM proxy compounds of varying molecu-
lar weights, including deoxycholate (414.55 Da) (Sigma-
Aldrich D6750), humic acid (6.80–30.40 kDa) (Sigma-Aldrich
53680), lignin polymers (1.44–78.40 kDa) (Sigma-Aldrich
370959), and benzoic acid (molecular weight 122.12 Da)
(Sigma-Aldrich 242381) (Perminova et al. 2003; Tolbert et al.
2014). Deoxycholate is a steroid; lignin is a major structural
component common to vascular plants; humic acids are a mix-
ture of organic heteropolycondensates; and benzoic acid is an
aromatic compound present in plants and animals (Fig. S1).
Humic acid, lignin, and benzoic acid are insoluble in water;
thus, they were dissolved in a pH 9 sodium hydroxide solution
and then ﬁltered through a combusted GF/F and a 0.2 μm poly-
carbonate ﬁlter for preparation of stock solutions. Deoxycholate
was dissolved in Nanopure water. DOC concentrations of stock
solutions were quantiﬁed and stock solutions were amended
into the replicate seawater cultures with an amended target
DOC concentration of 10 μmol C L−1 (actual measured concen-
trations varied between 4.27 μmol C L−1 and 11.09 μmol C L−1,
with differences explained by compound precipitation that
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occurred during the freezing and thawing process between storage
and amendment, or possible sorption to the carboy walls). The
pH change due to the addition of pH 9 sodium hydroxide was
negligible (<0.0009 pH units), because less than 13 mL stock solu-
tion was amended in the individual 5.5 L carboys. An unamended
control treatment was prepared and all cultures were placed into
an environmental chamber and incubated in the dark at the in
situ temperature of 19.7C for 28 d (initiated onboard the R/V
Atlantic Explorer and then continued at the Bermuda Institute of
Ocean Sciences after the cruise). These experiments were designed
to assess bacterioplankton growth during exponential growth
phase (i.e., days), before top-down processes begin to impact the
community. DOM remineralization was measured over both the
short (days) and long (weeks) duration. Samples for bacter-
ioplankton abundance (BA), DOC concentration, ﬂuorescence in
situ hybridization (FISH) or catalyzed reporter deposition (CARD)-
FISH, DNA, total combined dissolved amino acid (TDAA) and
DOM composition (high-resolution DOM, HR-DOM) were drawn
throughout the incubation (Figs. 1 and 2).
Incubation subsampling
To minimize sample handling and reduce the possibility of
DOC contamination, all subsampling was carried out using a
custom positive-pressure system to enable subsampling with-
out removing caps from the biotainers. An aquarium pump
pumped air through a hydrocarbon trap, which pressurized
the biotainers and displaced sample water through submerged
Teﬂon tubing into collection bottles (Fig. S2).
BA samples (10 mL aliquots) and FISH or CARD-FISH samples
(45 mL aliquots) were ﬁxed with 0.2 μm ﬁltered formaldehyde
(1% ﬁnal concentration), stored at 4C and processed within
48 h or stored at −80C. DOC samples (duplicate 30 mL ali-
quots) were ﬁltered through double stacked GF-75 ﬁlters
(Advantec, pore size 0.3 μm, precombusted), packed in 25 mm
Swinnex ﬁlter holders attached directly to the sample line with a
Luer lock adaptor, and collected into 40 mL precombusted EPA
glass vials with polytetraﬂuoroethylene (PTFE) coated silicone
septa. DOC samples were acidiﬁed with 60 μL 4 N HCl to pH 3.
TDAA samples were ﬁltered through the same ﬁlters into 60 mL
acid-washed high-density polyethylene (HDPE) bottles and
stored at −20C. DNA samples and HR-DOM samples for liquid
chromatography coupled to FTICR-MS analysis were only sam-
pled at 0 d and 5 d due to water budget constraints. One liter of
seawater combined as 0.5 L from each duplicate biotainer was ﬁl-
tered through an Omnipore PTFE ﬁlter (pore size 0.2 μm, dia.
47 mm, Millipore) in a perﬂuoroalkoxy (PFA) ﬁlter holder into a
PFA bottle. DNA ﬁlters were stored at −80C until extraction,
and 1 L ﬁltrate was acidiﬁed with 1 mL ultrapure HCl (Optima,
35%) to pH 3, stored at 4C and processed within 24 h.
Sample analyses
BA samples were stained with 5 μg mL−1 40, 6-diamidino-
2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich) and enu-
merated with an Olympus AX70 epiﬂuorescence microscope
under ultraviolet excitation (Porter and Feig 1980) at 1000×mag-
niﬁcation. This method cannot differentiate between bacteria
and archaea; thus, the combined cell counts are hereafter
referred to as bacterioplankton abundance. Cell biovolume was
determined from 10 images captured with a digital camera
(Retiga Exi-QImaging, Surrey, BC, Canada). Images were
processed using ImageJ software according to established image
analyses protocols (Baldwin and Bankston 1988; Sieracki et al.
1989). Bacterial carbon (BC) was calculated as BC = BA × cell
biovolume × carbon conversion factor of 148 fg C μm−3, associ-
ated with Sargasso Sea bacterioplankton (Gundersen et al. 2002).
DOC was analyzed using high-temperature combustion
method on a modiﬁed TOC-V or TOC-L analyzer (Shimadzu)
at the University of California, Santa Barbara as described in
Carlson et al. (2010). The precision for DOC analysis is
 1 μmol L−1 or a CV of 2%. Daily reference waters were
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Fig. 1. Change of total bacterioplankton abundance (BA) with time for each treatment. Data are presented as average  standard deviation of the repli-
cate incubations. Inset shows the enlarged plot of BA from 0 d to 16 d for the control, humic acid, and lignin treatments. Deoxycholate and benzoic acid
signiﬁcantly differed from control (indicated as asterisk).
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calibrated with DOC CRM provided by D. Hansell (University
of Miami).
FISH and CARD-FISH samples were ﬁltered onto a 0.2 μm
polycarbonate ﬁlter (Osmonics) and hybridized with
Cy3-labeled probes targeting the bacterial lineages of SAR202,
SAR11, Alteromonas, Roseobacter and the archaeal lineages of
Euryarchaeota, and Thaumarchaeota (Table S1). SAR202,
Alteromonas, and Roseobacter were quantiﬁed using FISH (Morris
et al. 2002; Morris et al. 2004; Parsons et al. 2012; Parsons et al.
2015), while SAR11, Euryarchaeaota, and Thaumarchaeaota
were enumerated using CARD-FISH (Teira et al. 2004; Herndl
et al. 2005; Parsons et al. 2015). A nonsense probe 338F-Cy3
was used as the negative control for FISH and Non338-Cy3 was
used as the negative control for CARD-FISH. Detailed hybridiza-
tion parameters and protocols are described in Parsons et al.
(2015) and in Table S1.
DNA was extracted from ﬁlters using the phenol chloroform
protocol described in Giovannoni et al. (1996). Genomic DNA
was ampliﬁed with the forward primer 27F (50-AGAGTTTGATC
NTGGCTCAG-30) and the reverse primer 338RPL (50-GCW
GCCWCCCGTAGGWGT-30) with “general” Illumina overhang
adapters. Libraries were pooled in equimolar concentrations
prior to sequencing. Samples were sequenced using one
2 × 250 Paired-End lane with a MiSeq Reagent Kit v2 at the
Center for Genome Research and Biocomputing (Oregon State
University), Corvallis, Oregon. Sequence data were trimmed,
dereplicated, checked for chimeras, and assigned to taxonomies
using the DADA2 R package, version 1.2 (Callahan et al. 2016)
and with the phylogenetic taxonomic assignation program,
PhyloAssigner (Vergin et al. 2013).
Replicate TDAA samples were dried by Speedvac (Savant
SC210A) and then hydrolyzed by 6 N HCl (with 1%
12 mmol L−1 ascorbic acid to prevent oxidation of amino acids
by nitrate) under nitrogen at 110C for 20 h (Henrichs 1991;
Kuznetsova and Lee 2002). Hydrolysate was ﬁltered through
combusted quartz wool and neutralized via evaporation under
nitrogen. Nanopure blanks followed the same extraction proto-
col as samples. Amino acids were analyzed by high performance
liquid chromatography (HPLC, Dionex ICS 5000+) equipped
with a ﬂuorescence detector (Dionex RF2000, Ex = 330 nm,
Em = 418 nm) after precolumn o-phthaldialdehyde derivatiza-
tion (Lindroth and Mopper 1979; Kaiser and Benner 2009; Liu
et al. 2013). Phenylalanine (Phe) peaks overlapped with an
unknown peak in our seawater samples and could not be differ-
entiated from the background peak. Because Phe typically
accounts for <3% of TDAA in the oligotrophic Sargasso seawater
(Keil and Kirchman 1999; Kaiser and Benner 2009), Phe was
excluded from the following data analysis.
Acidiﬁed HR DOM samples were passed through Bond Elut
PPL cartridges (Agilent, 1 g/6 mL) to extract extracellular
DOM. Extraction followed the protocol of Dittmar et al.
(2008) with modiﬁcations as described in Longnecker (2015).
Extraction efﬁciency for marine DOC using PPL cartridge is
43–62% (Dittmar et al. 2008; Johnson et al. 2017). Extracted
DOM were analyzed using untargeted mass spectrometry
methods described in Kido Soule et al. (2015). Mass-to-charge
(m/z) ratios, retention times, and peak areas were measured for
each sample. Here, we will use the term “mzRT features” to
refer to chemical features with unique combinations of m/z
values and retention times.
Data analysis and statistics
Bacterioplankton speciﬁc growth rates (μ) were calculated
as the slope of ln(BA) vs. time during the exponential growth
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Fig. 2. (a) DOC concentration changes with time for each treatment
(DOC for humic acid on 28 d was contaminated, thus data are shown in
bracket and excluded for the following analysis). All treatments signiﬁ-
cantly differed from control (indicated as asterisk). (b) Percentage of
amended DOC (T0 DOC in amendments minus T0 DOC in control)
removed (based on integrated DOC removal, Fig. S3) over 20–28 d in the
amendments. Data are presented as average  standard deviation of the
replicate incubations. Different letters above bars indicate signiﬁcant dif-
ference between treatments at the α = 0.05 level.
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phase of each treatment (Table 1). Stationary phase was
reached at different times for each treatment and was deter-
mined using the growthcurver package in R (Sprouffske 2018)
as 2 × tmid, where tmid is the time when BA reached half carry-
ing capacity assuming a logistic growth model. BC and DOC
at the calculated stationary time point were interpolated if
sampling did not coincide with the modeled estimate of sta-
tionary phase. To maximize the use of all available data, we
derived bacterial growth efﬁciency (BGE) from the ratio of the
integrated area under the BC curve to the integrated area of
the DOC removal curve:
BGE=
Ð Tstationary
T0 BCdtÐ Tstationary
T0 DOCdt
where t represents time,
Ð
BC represents the time normalized
integrated area under the growth curve from T0 to station-
ary phase and
Ð
DOC represents time-normalized area under
the DOC removal curve (see example in Fig. S3). Note that
the integrated area here refers to the area under the curve of
discrete data points using the integrateTrapezoid func-
tion in R.
Repeated measures ANOVA of the BA and DOC curves
was used to assess difference (p < 0.05) between treatments
and time points (Fit Model in JMP 13 Pro). Probe data were
sampled less frequently than BA and DOC data and did not
meet the criteria for repeated measures ANOVA. Thus, probe
data (time normalized integrated area under probe abun-
dance curve) for each treatment were compared to the con-
trol treatment at its corresponding time point of maximal
abundance using t test (α = 0.05). Difference of integrated
DOC percent removal among amendments was tested with
ANOVA and Tukey’s multiple comparison test (α = 0.05).
Bacterial community structure inferred from the 16S rRNA
gene was plotted using phyloseq, vegan, and ggplot2 package
in R (Oksanen et al. 2007; McMurdie and Holmes 2013). DNA
from the humic acid and benzoic acid treatments did not
amplify, possibly due to inhibition during PCR; thus, bacterial
community structure data are only presented for the control,
deoxycholate, and lignin treatments.
Principal component analysis (PCA) was conducted on
mol% of amino acid composition (Xue et al. 2011). Amino
acid data were ﬁrst standardized (deviation from mean
divided by standard deviation) before analysis to eliminate
skew of PCA loading weight on dominant amino acids in
samples. The mzRT features were grouped into compound
classes based on the elemental formulas and the calculated
aromaticity index (AImod) as corrected in Koch and Dittmar
(2016). The following groups were deﬁned by Martínez-Pérez
et al. (2017) and Hertkorn et al. (2006): black carbon, poly-
phenols, highly unsaturated compounds, unsaturated ali-
phatic compounds, peptides, sugars, saturated fatty acids,
and CRAM. T
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Results
Bacterial growth among treatments
Microbial response curves were typical of logistic growth,
but the response for each treatment varied in terms of maxi-
mal cell density, duration of log phase (exponential phase),
μ and time until reaching stationary phase (Fig. 1, Table 1).
There was signiﬁcant difference of BA among treatments
(p < 0.0001) and among time (p = 0.0030), but no signiﬁcant
difference in the interaction between treatment and time
(p = 0.4962). Bacterioplankton response was greatest in the
deoxycholate treatment, followed by the benzoic acid, both
signiﬁcantly different from the control (p = 0.0002 and
p = 0.0084, respectively). The μ measured in the
deoxycholate and benzoic acid treatments were 4–5 times
greater than the control (Table 1). Cell biovolumes in the
deoxycholate and benzoic acid treatments were greatest
among all treatments (Table S2) and dominated by rod-
shaped cells (Fig. S5).
0 5 10 15 20
0
1 105
2 105
3 105
4 105
5 105
Time (Days)
A
b
u
n
d
an
ce
 (C
el
ls
 m
L-
1 )
Control(a) (b)
(c) (d)
(e) (f)
Deoxycholate
Humic acid
Lignin
Benzoic acid
Alteromonas
0 5 10 15 20
0
2 104
4 104
6 104
8 104
Time (Days)
A
b
u
n
d
an
ce
(C
el
ls
 m
L-
1 ) Roseobacter
0 5 10 15 20
0
1 104
2 104
3 104
4 104
Time (Days)
A
b
u
n
d
an
ce
 (C
el
ls
 m
L-
1 ) SAR202
0 5 10 15 20
0
2 104
4 104
6 104
8 104
1 105
Time (Days)
A
b
u
n
d
an
ce
 (C
el
ls
 m
L-
1 ) SAR11
0 5 10 15 20
0
2 104
4 104
6 104
8 104
Time (Days)
A
b
u
n
d
an
ce
 (C
el
ls
 m
L-
1 ) Euryarchaeota
0 5 10 15 20
0
2 104
4 104
6 104
Time (Days)
A
b
u
n
d
an
ce
 (C
el
ls
 m
L-
1 ) Thaumarchaeota
Fig. 3. Abundance of targeted bacterial and archaeal lineages over time, including (a) Alteromonas, (b) Roseobacter, (c) SAR202, (d) SAR11,
(e) Euryarchaeaota, and (f) Thaumarchaeaota, detected by FISH and CARD-FISH. Note y axis scales are different for each lineage. Data are presented as
average  standard deviation of the replicate incubations.
Liu et al. Bacterioplankton oxidize CRAM proxies
6
Co
nt
ro
l
De
ox
yc
ho
lat
e
Co
nt
ro
l
Hu
m
ic 
ac
id
Co
nt
ro
l
Li
gn
in
Co
nt
ro
l
Be
nz
oi
c a
cid
0.0
5.0 104
1.0 105
1.5 105
2.0 105
2.5 105
M
ea
n 
ce
ll 
ch
an
ge
 (c
el
ls
 m
L-
1 )
*
Alteromonas
Co
nt
ro
l
De
ox
yc
ho
lat
e
Co
nt
ro
l
Hu
m
ic 
ac
id
Co
nt
ro
l
Li
gn
in
Co
nt
ro
l
Be
nz
oi
c a
cid
0.0
5.0 103
1.0 104
1.5 104
2.0 104
2.5 104
M
ea
n 
ce
ll 
ch
an
ge
 (c
el
ls
 m
L-
1 )
Roseobacter
Co
nt
ro
l
De
ox
yc
ho
lat
e
Co
nt
ro
l
Hu
m
ic 
ac
id
Co
nt
ro
l
Li
gn
in
Co
nt
ro
l
Be
nz
oi
c a
cid
-5.0 103
0.0
5.0 103
1.0 104
1.5 104
M
ea
n 
ce
ll 
ch
an
ge
 (c
el
ls
 m
L-
1 )
*
SAR202
Co
nt
ro
l
De
ox
yc
ho
lat
e
Co
nt
ro
l
Hu
m
ic 
ac
id
Co
nt
ro
l
Li
gn
in
Co
nt
ro
l
Be
nz
oi
c a
cid
-1 104
0
1 104
2 104
3 104
4 104
5 104
M
ea
n 
ce
ll 
ch
an
ge
 (c
el
ls
 m
L-
1 )
*
SAR11
Co
nt
ro
l
De
ox
yc
ho
lat
e
Co
nt
ro
l
Hu
m
ic 
ac
id
Co
nt
ro
l
Li
gn
in
Co
nt
ro
l
Be
nz
oi
c a
cid
0.0
5.0 103
1.0 104
1.5 104
2.0 104
2.5 104
M
ea
n 
ce
ll 
ch
an
g
e 
(c
el
ls
 m
L-
1 )
*
*
Euryarchaeota
Co
nt
ro
l
De
ox
yc
ho
lat
e
Co
nt
ro
l
Hu
m
ic 
ac
id
Co
nt
ro
l
Li
gn
in
Co
nt
ro
l
Be
nz
oi
c a
cid
0
1 104
2 104
3 104
M
ea
n 
ce
ll 
ha
ng
e 
(c
el
ls
 m
L-
1 ) *
Thaumarchaeota
(a) (b)
(c) (d)
(e) (f)
Fig. 4. Mean cell change (integrated and time normalized change in abundance when abundance of each lineage reached maximum) of targeted bac-
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In contrast to the rapid growth observed in the
deoxycholate and benzoic acid treatments, growth in the con-
trol, humic acid, and lignin treatments was slow and reached
stationary phase 10–14 d later (Fig. 1, Table 1). BA responses
in the humic acid and lignin treatments were systematically
greater than the control (i.e.,
Ð
BA over same time was twofold
greater than the control, Table 1), but were not statistically
different from the control (Fig. 1). The μ in the lignin and
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and lignin treatments.
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humic acid treatments were similar to that of the control
(Table 1).
DOC removal and BGE in all treatments
DOC concentration for humic acid on day 28 increased by
1.73 μmol L−1, was considered contaminated, and thus the data
were excluded from further analysis. Change in DOC concentra-
tion was different among treatments (p < 0.0001) and over time
(p = 0.0006), with no signiﬁcant difference on the interaction
between treatment and time (p = 0.1189) (Fig. 2a). DOC removal
was signiﬁcant for all amendment treatments over the course of
the incubation (p < 0.0001 for deoxycholate, humic acid, lignin,
and p = 0.0476 for benzoic acid), in contrast to the non-
resolvable (< 1 μmol C L−1) change observed in the control.
DOC removal was most pronounced over the ﬁrst 5 d in the
deoxycholate and benzoic acid treatments and remained
0 10 20 30
0
100
200
300
Days
TD
A
A
 (n
m
ol
 L
-1
)
Control
Deoxycholate
Humic acid
Lignin
Benzoic acid
PC1(65%)
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
P
C
2(
14
%
)
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5 Asp
Glu
HisSer
Arg
Thr
Gly
BAla
Tyr
Ala
GABA
Met
Val
Ile
Leu
Lys
C0
C0.5
C2
C12
C28
D0
D0.5
D2
D12
H0
H0.5
H2
H12
H28
L0
L0.5
L2
L12
L28
B0
B0.5
B2B12
B28
Control (C)
Deoxycholate (D)
Humic acid (H)
Lignin (L)
Benzoic acid (B)
(a)
(b)
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Leu, leucine; Lys, lysine. Arrows indicate overall amino acid compositional shift toward right and top corner for each treatment.
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unchanged afterward (Fig. 2, Table 1). Almost all amended DOC
was degraded in the benzoic acid treatment within 2 d. The per-
cent removal of DOC relative to amended concentrations
(T0 DOC in amendments minus that in control) was greatest in
the benzoic acid treatments (90%), followed by deoxycholate
treatment (64%) (Fig. 2b). DOC removal was gradual and linear
throughout the entire incubation for the humic acid and lignin
treatments with removal of amended concentrations equivalent
to 34% and 25%, respectively (Fig. 2, Table 1). BGE was greatest
in the deoxycholate treatment and lowest in the benzoic acid
treatment (Table 1), indicating that different carbon and energy
allocation strategies were used by the responding bacter-
ioplankton between treatments.
Response of speciﬁc bacterial and archaeal lineages to
amendments
Copiotroph response
Response by Alteromonas and Roseobacter was most pro-
nounced in the benzoic acid and deoxycholate treatments
(Figs. 3 and 4). Alteromonas dominated in the benzoic acid
treatment, accounting for up to 75% of total BA and was sig-
niﬁcantly different from the control (Figs. 3a, 4a, and S6a).
The abundance of Alteromonas reached a maximum by day
5 and decreased precipitously after day 12. Changes of
Roseobacter in the amended treatments were not signiﬁcantly
different from that in the control (Figs. 3b and 4b).
Oligotroph response
Production of members of the SAR202 clade was greater in all
CRAM proxy amendments compared to the control, and was
most pronounced and signiﬁcant for the lignin treatment
(Fig. 3c and 4c). Cell densities for SAR202 increased three- to
ﬁve-fold for the amendment treatments, compared to the con-
trol. The relative contribution of SAR202 to total cell abundance
increased from 3% to 5% to a maximum of 4% to 9% for the
amended treatments (Fig. S6). SAR11 increased in all amend-
ments and its production was greatest in the deoxycholate
treatment (Figs. 3d and 4d). Despite the signiﬁcant increase of
SAR11 cell abundance in the deoxycholate treatment, the rela-
tive contribution of SAR11 actually decreased over time due to
the larger increase in other bacterioplankton lineages (Fig. S6b).
Archaeal response
Production of Euryarchaeota was greatest in the benzoic
acid and deoxycholate treatments, with a twofold increase in
cell abundance relative to the control (Figs. 3e and 4e). Pro-
duction of Thaumarchaeota was observed in all treatments
including the control and was greatest early in the benzoic
acid treatment. The maximum change of Tharmarchaeota in
the benzoic acid treatment was signiﬁcantly different from
that in the control (Figs. 3f and 4f).
Bacterial community structure changes during the
incubation
A substantial proportion of the bacterioplankton response
was comprised of lineages not detected by targeted FISH or
CARD-FISH probes in the deoxycholate treatment at 5 d
(Fig. S6). 16S rDNA amplicon sequencing and bacterial
community structure analysis revealed that 58% of the
sequenced community was comprised of the Gamma-
proteobacteria Spongiibacteraceae (Fig. 5a). It should be noted
that the bacterial community structure data from DNA
sequencing are expressed as relative percentage after PCR
ampliﬁcation. Thus, if taxa have unequal gene copy numbers,
the data would not be directly comparable to the absolute per-
centage based on cell counts from the probe analysis. Bacterial
community structure in the control treatment changed from
a diverse composition of SAR11, SAR202, Alteromonodaceae,
and SAR406 to one dominated by Alteromonodaceae by 5 d.
This may be attributed to bottle effects resulting from cell
stress in conﬁned environments, cell binding on container
surface, bioﬁlm formation or introduction of trace organic
nutrients (Lee and Fuhrman 1991; Fletcher 1996; Stewart
et al. 2012). Bottle effects often select for growth of
Table 2. Bulk LC-FTICR-MS parameters of dissolved organic compounds at 0 d and 5 d for each treatment. Elemental ratios were cal-
culated as magnitude-averaged values (Sleighter and Hatcher 2009) for mzRT features with assigned elemental formulas.
Sample ID # mzRT features # elemental formulas H:Cw O:Cw DBEw*
Control-0 d 1864 953 0.71 0.23 5.61
Control-5 d 1863 974 0.90 0.23 5.64
Deoxycholate-0 d 1995 1025 1.14 0.14 5.05
Deoxycholate-5 d 1858 954 0.67 0.21 5.41
Humic acid-0 d 1831 977 0.76 0.25 6.01
Humic acid-5 d 1842 951 0.82 0.24 5.89
Lignin-0 d 1873 964 0.73 0.23 5.88
Lignin-5 d 1896 980 0.76 0.23 5.77
Benzoic acid-0 d 1832 946 0.71 0.24 5.80
Benzoic acid-5 d 1861 952 0.82 0.23 5.69
*DBE (Double Bond Equivalent) = (2 + 2*C-H + N + P)/2.
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Gammaproteobacteria (Eiler et al. 2000; Dinasquet et al. 2013;
Muller et al. 2018), which is consistent with the increased
relative contribution of Alteromonadaceae amplicons in
our control treatment. Alternatively, high percentage of
Alteromonadaceae at 5 d in the control may be due to bias in
the amplicon yield based on increased gene copy numbers
associated with this r-strategist (Alon et al. 2011; Gonzalez
et al. 2012; Math et al. 2012).
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In order to resolve the signal of lower contributing taxa, taxa
accounting for >30% (Alteromonadaceae and Spongiibacteraceae)
were removed from the plot and bacterial community structure
at day 5 was compared again. SAR11 Ia was more enriched in
the deoxycholate treatment than in the control at day
5 (Fig. 5b), consistent with the growth of SAR11 as shown in
the probe data (Fig. 3d). Alcanivoracaceae and Oceanospirillaceae
also became more enriched in the deoxycholate treatment than
in the control at day 5.
The relative abundance of Alcanivoracaceae, Piscirickettsiaceae
(speciﬁcally the genus Methylophaga), and Hyphomonadaceae
increased with time in the lignin treatment, reaching 1%, 12%,
and 1.3% respectively at 5 d, in contrast to 0.3%, 0.5%, and
0.04% in the control (Fig. 5). At day 5 in the lignin treatment,
SAR202 were still in the early exponential phase (Fig. 3c); thus,
their relative abundance in the DNA proﬁle was small (Fig. 5).
TDAA concentrations and compositions throughout the
incubation
Concentrations of TDAA decreased rapidly in amendments
during the ﬁrst 2 d (Fig. 6a). The %molar composition of
TDAA clustered according to treatment type, then within each
treatment, the trajectory of the %molar fraction TDAA shifted
from the lower left quadrant toward the upper right quadrant
of the PCA biplot (arrows in Fig. 6b) throughout the incuba-
tion. The lower left quadrant of the PCA biplot was dominated
by Val, Lys, Ser, Leu, Arg, Tyr, while upper right quadrant was
dominated by amino acids β-alanine (BAla) and alanine (Ala),
signifying a compositional change of these amino acids with
incubation time, and thus, an indication of a diagenetic alter-
ation with incubation time.
Patterns of mzRT features from LC FTICR-MS analysis
There were 1831–1995 mzRT features detected and among
them, 951–1025 were assigned elemental formulas (Table 2).
H:C and O:C ratios of these features indicate the compound
saturation and oxidation state. The changes in the H:C and O:
C ratios from day 0 to day 5 were greatest for the deoxycholate
treatment. The H:C ratio decreased by almost half by day 5 in
the deoxycholate treatment in contrast to a slight increase in
H:C for all other treatments. The O:C ratio increased 1.5-fold
in the deoxycholate treatment; however, no systematic pat-
tern was observed in the other treatments. The deoxycholate
treatment showed a greater than ﬁvefold increase in double
bond equivalent (DBE = [2 + 2*C-H + N + P]/2) values relative
to the control.
Figure 7a shows the change in the area for each peak
(as semi-quantitative index) resolved in FTICR-MS. The
greatest decrease in peak area with incubation time occurred
in the deoxycholate treatment (Fig. 7a). Changes of peak area
in the deoxycholate treatment were mostly in two m/z
regions: m/z of 390–470 and m/z of 770–820. In other amend-
ment treatments, greater changes were associated with increas-
ing peak area from 0 d to 5 d. Peak area increases in the humic
acid, lignin, and benzoic treatment were around the m/z
region of 500.
The numbers of mzRT features with decreasing peak area
over 5 d in the deoxycholate treatment were more than dou-
ble those in all other treatments (Fig. 7b). In contrast, more
mzRT features increased in peak area with time for the humic
acid and benzoic acid treatments (Fig. 7b), while the number
increasing and decreasing in peak area from 0 d to 5 d were
similar for the control and lignin treatments. Among all treat-
ments, deoxycholate showed the greatest number of mzRT
features with both increasing and decreasing peak areas.
When grouping mzRT features into categorized compound
classes, highly unsaturated compounds that partially overlap
with CRAM compounds and black carbon compounds con-
tributed to the majority of classiﬁed compounds (Table S4).
The change in the number of features belonging to each class
were similar for each treatment between 0 d and 5 d with the
exception of unsaturated aliphatic compounds, which
decreased more than ﬁvefold in the deoxycholate treatment.
Discussion
Bacterioplankton trophic strategies are often divided into
broad categories deﬁned as copiotrophs and oligotrophs (Polz
et al. 2006; Lauro et al. 2009). Copiotrophs are typically
r-strategists and respond rapidly to the input of a limiting
nutrient. In contrast, oligotrophs are usually characterized as
K-strategists that maintain continuous but slow growth and
are seemingly better adapted to survival in nutrient-limiting
environments (Klappenbach et al. 2000; Yooseph et al. 2010;
Gifford et al. 2013), including labile organic matter limitation.
BGE in the amendment treatments ranged from 8% to 34%
from T0 until stationary phase, falling within the range of
7–40% previously reported for bacteria grown on ambient DOC
or labile amino acid, glucose, and algal lysate (Suttle et al. 1991),
suggesting that a majority of the utilized organic carbon was
respired by mesopelagic bacterioplankton. Varying BGEs among
the treatments indicated distinct resource allocation strategies
utilized by the responding bacterioplankton communities.
Based on patterns of DOC removal and BA increase, we can
divide the response to the four CRAM proxy compounds into
two broad categories: labile and recalcitrant. DOC removal
and BA increase were most pronounced in the benzoic acid
and deoxycholate treatments, with the rapid change of DOC
and BA during the ﬁrst 2–5 d (Fig. 1, Fig. 2); thus, we group
the compounds benzoic acid and deoxycholate as labile DOM
in terms of their bioavailability to Sargasso Sea mesopelagic
bacterioplankton. In contrast, DOC removal and BA increase
in the lignin and humic acid treatments were minimal and
gradual over 28 d; thus, we categorize these model compounds
as recalcitrant DOM. Here we examine the response of distinct
bacterioplankton groups to the two categories of CRAM proxy
compounds and subsequent DOM transformation in all
treatments.
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CRAM proxy compounds that selected for copiotrophs
Benzoic acid and deoxycholate selected for several cop-
iotrophic bacterioplankton. In comparison to lignin and
humic acid, benzoic acid and deoxycholate are low molecular
weight compounds of 122 Da and 415 Da, respectively, which
can be transported through membrane “porin” proteins that
have an exclusion limit of 600 Da (Weiss et al. 1991). The
molecular size of these compounds may contribute to easier
access, transport and use by some bacterioplankton.
Alteromonas
The rapid change of DOC concentration in the benzoic
acid treatment was concomitant with the increase in BA and
dominant growth of Alteromonas (Figs. 3 and 4). Members of
Alteromonas are well-known copiotrophs that grow rapidly
when labile organic substrates become available, such as
freshly produced DOM associated with phytoplankton blooms
(Romera-Castillo et al. 2011; Wear et al. 2015). They are ubiq-
uitous Gammaproteobacteria that effectively compete for
labile DOM for growth (DeLong et al. 2006; McCarren et al.
2010; Pedler et al. 2014; Sherwood et al. 2015). Some
Alteromonas members are also hydrocarbon-degraders that can
bloom in the presence of marine oil spills enriched in alkanes
and aromatic compounds (Math et al. 2012; Redmond and
Valentine 2012; Hu et al. 2017; Liu et al. 2017). Metabolism of
the aromatic ring of benzoic acid might have promoted the
rapid growth of Alteromonas that we observed.
Spongiibacteraceae
Deoxycholate selected for fast-growing Spongiibacteraceae.
Deoxycholate is a sterol derivative and a conjugate base of bile
acids, which are generally produced in eukaryotic cells or by cho-
lesterol metabolism in some bacterial strains (Li et al. 2009; Kim
et al. 2012). The predominant large rod-shaped cells observed in
the deoxycholate treatment (Table S2) are consistent with cell
morphology reported for Spongiibacteraceae (Hwang and Cho
2009; Jean et al. 2016; Fig. S5). Spongiibacteraceae belongs to newly
reclassiﬁed Cellvibrionales order and have been categorized as
oligotophs (Spring et al. 2015). However, their rapid growth in
the present study suggests that members of the Spongiibacteracea
clade can adopt an r-strategy, when provided with favorable par-
ticular substrates. Consistent with the present study, Spring and
Riedel (2013) reported that Cellvirbionales, traditionally designated
as oligotrophs, grew rapidly under nutrient-rich conditions. Some
members of Spongiibacteraceae may be r-strategists, while others
are K-strategists, and the r-strategists were playing a role in oxidiz-
ing deoxycholate. Metagenome analysis revealed steroid-
degrading capability within Spongiibacteraceae (Holert et al. 2018),
indicating a nutritional beneﬁt from the uptake of sterols
(Webster and Thomas 2016; Lengger et al. 2017).
Fast-growing archaea
Archaea in the Euryarchaeota and Thaumarchaeota (marine
group I [MGI], previously Crenarchaeota) account for about
one-third of the prokaryotic cells in the global ocean (Karner
et al. 2001). While Thaumarchaeota are usually more abun-
dant in deep water, Euryarchaeota, especially marine group II
(MGII), can make up 2–22% of picoplankton abundance
throughout the water column (DeLong et al. 1999; Herndl
et al. 2005; Stoica and Herndl 2007; Zhang et al. 2009), which
is consistent with the 3% Euryarchaeota contribution
observed in our ambient seawater (Fig. S6). Euryarchaeota
encode genes for transport of amino acids and oligopeptides,
and protein degradation (Zhang et al. 2015; Lazar et al. 2017).
MGII archaea are capable of utilizing organic molecules such
as dissolved proteins, lipids, carbohydrates, and particulate
organic matter (Iverson et al. 2012; Orsi et al. 2016; Xie et al.
2018). The observation of enhanced Euryarcheaota production
in the deoxycholate and benzoic acid incubations implies that
some lineages of Euryarchaeota are capable of metabolizing
sterols and aromatic compounds.
Thaumarcheaota are chemoautotrophic ammonia-oxidizers
that play an important role in nitrogen cycling (Konneke et al.
2005; Treusch et al. 2005). The enhanced production of
Thaumarchaeota in the benzoic acid treatment may be indicative
of a secondary response to ammonium produced during DOM
mineralization by heterotrophic bacteria. Thaumarcheaota have
been found in deep chlorophyll maxima and during the decline
of phytoplankton blooms (Beman et al. 2011; Berg et al. 2018),
suggesting an interactive role in organic matter remineralization
and nutrient cycling. Coculture experiments have demonstrated
enhanced Thaumarchaeota production in the presence of hetero-
trophic bacteria (Tourna et al. 2011), suggesting a potential inter-
action between bacteria and Thaumarchaeota. Alternatively, the
growth of members of Thaumarcheaota in the benzoic acid treat-
ment may be a consequence of mixotrophic utilization of
organic carbon, which has been suggested by genomic studies
(Hallam et al. 2006; Walker et al. 2010), contributing to their
growth in the benzoic acid treatment.
Other bacteria
Copiotrophic Oceanospirillaceae and some typically oligotro-
phic bacterioplankton, including Alcanivoracaceae and SAR11,
also became enriched in the deoxycholate treatment relative to
the control (Figs. 5 and 3). However, it should be noted that their
combined relative abundance was <10%. Oceanospirillaceae
respond quickly to labile DOM released during phytoplankton
blooms or to inorganic nutrient addition (Delmont et al. 2015;
Goldberg et al. 2017; Hoffmann et al. 2017). The increase of
Oceanospirillaceae in the deoxycholate treatment relative to the
control was consistent with their copiotrophic role in labile DOM
utilization.
CRAM proxy compounds that selected for oligotrophs
Of the proxy compounds, humic acid and lignin were the
most resistant to microbial degradation, as indicated by the slow
DOC removal and minimal changes in cell abundance. Lignin is
derived from terrestrial plants and humic acid originates from
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both terrestrial and marine sources. They are both polymers
with complex chemical structures and are considered to be ther-
modynamically stable forms of carbon sources (Hedges et al.
1997; Mann et al. 2014). Although humic acid and lignin are rel-
atively recalcitrant and tend to be resistant to rapid microbial
degradation, some bacteria groups reportedly adapted to utiliz-
ing recalcitrant DOM appeared to respond to these CRAM proxy
compounds. The bacterial response in the humic acid and
lignin treatments included the oligotrophic SAR202, SAR11,
Alcanivoracaceae, Piscirickettsiaceae, and Hyphomonodaceae rather
than copiotrophic taxa. Our study is one of the few incubation
studies able to show response by bacterial oligotrophs, rather
than those typically categorized as copiotrophs, when amended
with complex organic compounds. Despite slower growth rates
(Fig. 1), the oligotroph response to the recalcitrant DOMwas sig-
niﬁcant, indicative of their potential role in recalcitrant DOM
oxidization.
SAR202
SAR202 bacteria, in the phylum Chloroﬂexi, are free-living
heterotrophic bacterioplankton that contribute as much as
4–34% of total BA in the mesopelagic and bathypelagic realms
of the Atlantic, Paciﬁc, and Arctic Oceans (Morris et al. 2004;
Morris et al. 2005; Schattenhofer et al. 2009; Lekunberri et al.
2013; Mehrshad et al. 2018). SAR202 accounted for 3–5% of
the total BA and 39% of the 16S rRNA gene copies in the
ambient 200 m mesopelagic water of Sargasso Sea, with
subclades I, II, and III dominating the SAR202 group (Saw
et al. ) (Figs. S6 and 5a).
The signiﬁcant growth response of SAR202 to lignin sug-
gests that some SAR202 are capable of oxidizing this recalci-
trant, CRAM-like polymeric compound. Bacterial and archaeal
communities show a general trend of decreasing rates of
L-aspartic acid (Asp) uptake while increasing rates of D-Asp
uptake from subsurface to bathypelagic waters (Pérez et al.
2003; Teira et al. 2006). However, members of SAR202 can
take up L-Asp at a constant rate throughout the water column
with essentially no uptake of D-Asp (Varela et al. 2008). These
uptake characteristics indicate that members of SAR202 are
well adapted to scarce and patchy food resources and may be
able to detect and exploit DOM not available to other bacter-
ioplankton in the deep ocean.
Genomic and metagenomic sequences for SAR202 have
revealed a variety of paralogous protein families capable of
recalcitrant DOM catabolism. These include ﬂavin mononu-
cleotide/F420-dependent monooxygenases (FMNOs) that con-
vert ketones to esters, dioxygenases that catalyze initial steps
in aromatic ring catabolism, major facilitator superfamily
(MFS) transporters, short-chain dehydrogenases that convert
alcohols to ketones, and coenzyme A (CoA) transferases that
catalyze the ATP-independent binding of carboxylic acids to
CoA (Ridlon and Hylemon 2012; Landry et al. 2017; Thrash
et al. 2017). These and other SAR202 enzymes may play roles
in the oxidation of CRAM-like compounds such as humic acid
and lignin.
SAR11
SAR11 are free-living aerobic heterotrophic Alphaproteobacteria
that are distributed ubiquitously in the oceans, accounting for
15–40% of all planktonic cells throughout the water column
(Morris et al. 2002; Rappe et al. 2002; Eiler et al. 2009;
Schattenhofer et al. 2009) and comprise up to 47% of total bac-
terial 16S rRNA genes in oceanic samples (Sperling et al. 2012).
In the present study, SAR11 group accounted for 15% of meso-
pelagic BA and 15% of 16S rRNA gene copies at T0 of the incu-
bations (Figs. 5b and S6). Enhanced SAR11 production in our
amendment treatments suggests that some SAR11 ecotypes may
be involved in the catabolism of some CRAM-like DOM. A large
proportion of SAR11 membrane transporters are ATP-binding
cassette (ABC) transporters, with high substrate afﬁnity
(Giovannoni et al. 2005; Alonso and Pernthaler 2006; Noell and
Giovannoni 2019) that may facilitate the transport of the small
compounds like deoxycholate.
SAR11 cells have been demonstrated to utilize a wide variety
of labile DOM compounds as substrates (Giovannoni 2017).
They have evolved into a variety of ecotypes that partition
ocean niches by temperature and probably other factors that
remain unidentiﬁed (Carlson et al. 2009; Brown et al. 2012;
Vergin et al. 2013). SAR11 ecotype Ia, found in the surface
water of oligotrophic systems, appears to be correlated to low
macronutrient concentrations and elevated ﬂux of labile DOM
derived from photosynthesis. At BATS, ecotype Ib occurs
throughout the mixed layer in the late spring, and in the
region of the deep chlorophyll maximum during the summer.
Ecotype II is most prevalent in the upper mesopelagic in the
late spring as the water column restratiﬁes and semi-labile
DOM transported from the summer surface layer by winter
mixing is remineralized (Carlson et al. 2009). In the present
study, SAR11 Ia became enriched with the amendment of
deoxycholate compared to the control treatment (Fig. 5b), con-
sistent with its proposed role in labile DOM remineralization.
Examination of the relative abundances of SAR11 ecotypes did
not reveal differences between the lignin and control treat-
ments at 5 d, possibly because SAR11 production was not great
enough to be differentiated between treatments at this early
stage of growth (Fig. 5b). Unfortunately, water budget con-
straints did not allow DNA samples to be collected at the later
time points necessary to resolve differences in the ecotypes.
Other oligotrophs: Piscirickettsiaceae (Methylophaga),
Hyphomonodaceae, and Alcanivoracaceae
The increased relative abundances of other oligotrophs, includ-
ingmembers of Piscirickettsiaceae (Methylophaga),Hyphomonadaceae,
and Alcanivoracaceae, in the lignin treatment, compared to the con-
trol (0–5 d) (Fig. 5b), suggest they may be involved in the catabo-
lism of CRAM-like compounds. Methylophaga belonging to
Piscirickettsiaceae are marine Gammaproteobacteria (Ravenschlag
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et al. 2001; Wang et al. 2018) that have been shown to utilize pep-
tides, oil, one-carbon compounds, such as methanol and methyl-
amine, and polyamines (Neufeld et al. 2007; Lu et al. 2015; Deng
et al. 2018; Hamdan et al. 2018; Kamalanathan et al. 2018).
Wilhelm et al. (2018) identiﬁed members of Piscirickettsiaceae as
lignin-degrading bacteria using a stable isotope probing approach.
Members of Hyphomonadaceae can persist in extreme oligotrophic
conditions (Lee et al. 2007; Abraham et al. 2013), and can respond
to phytoplankton-derived DOM (Goldberg et al. 2017). Our results
suggest that they can also respond to lignin. Alcanivoracaceae
includes oligotrophic bacterioplankton that have a narrow sub-
strate spectrum that includes a few organic acids but no simple
sugars (Yakimov et al. 1998; Kalscheuer et al. 2007). They are
hydrocarbon degrading specialists (i.e., alkanes) that often domi-
nate the bacterial community during oil spills (Schneiker et al.
2006; Terrisse et al. 2017). The aliphatic structures in deoxycholate
and lignin may facilitate their utilization of these two CRAM-like
compounds in our incubations.
Microbial transformation of CRAM proxy compounds
TDAA compositions in each treatment shifted from high
mol% Val, Lys, Ser, Leu, Arg, and Tyr, toward more enriched
with β-Ala with incubation time (Fig. 6b). Mol% of Val, Lys,
Ser, Leu, Arg, and Tyr decrease with decreasing degradation
index, suggesting a high mol% of these amino acids is a
marker of fresh organic matter (Dauwe et al. 1999; Kaiser and
Benner 2009). The increase of β-Ala and GABA, which are
nonprotein amino acids, relative to protein amino acids com-
monly is used as an indicator of organic matter diagenesis
(Cowie and Hedges 1994; Davis et al. 2009; Kaiser and Benner
2009). Increases in %β-Ala and/or %GABA may be due to par-
tial decarboxylation of aspartic acid and glutamic acid
(Whelan 1977; Lee and Cronin 1982). The observed shift from
more % of fresh amino acids to higher % β-Ala through time
in each treatment indicates subtle but non-negligible diage-
netic alteration during our incubations, with deoxycholate
and lignin showing the most pronounced transformation.
LC FTICR-MS analysis provides information on the changes
of elemental composition and molecular formulas of thou-
sands of SPE-extracted DOM compounds (m/z of 100–1000).
In contrast to minimal change in other treatments, the
decreased H:C ratio and increased O:C ratio and DBE of the
detected mzRT features from 0 d to 5 d in the deoxycholate
treatment (Table 2) indicate that DOM in the deoxycholate
treatment was transformed to compounds of increased
unsaturation and oxygen content; consistent with previous
reports that these proxies are indicators of aged DOM (Flerus
et al. 2012; Medeiros et al. 2015).
Highly unsaturated compounds, black carbon, and CRAM
compounds dominated the DOM for all treatments (Table S4),
a ﬁnding consistent with marine DOM composition (Martínez-
Pérez et al. 2017; Schmidt et al. 2017; Kellerman et al. 2018).
Phytoplankton exudates enriched in unsaturated aliphatic
compounds accumulate in the surface water compared to
mesopelagic waters (Medeiros et al. 2015), suggesting net
removal of aliphatic compounds in the deeper waters. The
number of unsaturated aliphatic compounds decreased by
33% in the deoxycholate treatment (Table S4). Little change
in elemental composition was observed in the lignin and
humic acid treatments. It is possible that other analytical
modes could have revealed DOM transformation (Osterholz
et al. 2015; Zark et al. 2017; Lu et al. 2018). However, it is
likely that due to logistical water budget constraints, our col-
lection of LC FTICR-MS samples at day 5 was too early in the
growth phase to detect DOM transformation differences in the
humic acid and lignin treatments. Benzoic acid molecule is
small and outside the analytical window of LC FTICR-MS, pre-
cluding its resolution despite signiﬁcant DOC drawdown in
that treatment.
In contrast to direct infusion FTICR-MS, LC FTICR-MS analy-
sis ﬁrst separates compounds on an LC column before introduc-
tion via ionization source into the mass spectrometer. This
approach can increase the number of identiﬁed peaks (Patriarca
et al. 2018) and provide an additional peak intensity data (using
peak area as an index of relative concentrations). Greater than
100 mzRT features decreased in peak area during the incubation
in the deoxycholate treatment (Fig. 7) and were mainly in the
m/z regions of 390–470 and 770–820 Da. In contrast, mzRT fea-
tures with increasing peak area over time were dominant in the
humic acid, lignin, and benzoic acid treatments and were found
near m/z of  500 Da. The mzRT features were categorized into
compound classes (Table S4) but <2% could be classiﬁed into
each group; thus the majority of compounds remain uni-
dentiﬁed. Nevertheless, differences in mzRT between 0 and 5 d
for all the amended treatments indicate that DOM was trans-
formed over the course of the incubation. When comparing
peak changes over time, the average m/z values of all depleted
peaks (decreasing peak area) were 7–73 Da larger than enriched
peaks (increasing peak area) (Table S5). These peak alterations
suggest that small side-chain functional groups were lost during
microbial metabolism of DOM. For example, a methyl group
can be removed through demethylation, and CO2 can be lost
via decarboxylation. Similar to our results, small mass differ-
ences of 20–40 Da were detected between depleted molecular
formulas and enriched peaks in incubations of estuarine and
coastal DOM (Vorobev et al. 2018).
Conclusions and implications
Through incubations of CRAM proxy compounds in
mesopelagic seawater from the Sargasso Sea, this study
showed that deoxycholate and benzoic acid degraded rapidly
and were more consistent with labile DOM properties, while
humic acid and lignin were more recalcitrant to microbial
remineralization, suggesting that not all CRAM-like substrates
can be simply classiﬁed as recalcitrant DOM. The bio-
reactivity appears to be intricately associated with the activity
of speciﬁc bacterioplankton taxa. While labile CRAM proxy
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compounds mostly selected for fast-growing copiotrophs like
members of Alteromonas, Spongiibacteraceae, and the archaea
Euryarchaeaota and Thaumarchaeota, recalcitrant CRAM proxy
compounds in our incubations selected for slow-growing
oligotrophs, such as members of SAR202, Piscirickettsiaceae,
Hyphomonadaceae, and Alcanivoracaceae, that appear to be
capable of oxidizing more recalcitrant DOM. Our results also
showed that DOM was transformed to more degraded com-
ponents with lower H:C ratio, higher O:C ratio and DBE in
the deoxycholate incubation. This study used individual
compounds to mimic recalcitrant DOM and unravel interac-
tions between bacterioplankton and DOM rich in carboxyl-
ated alicyclic molecules. The data showed the different
response of bacterioplankton lineages to CRAM-like DOM
with varying quality, implying potential catabolism strategies
and niche specialization among bacterioplankton. This study
also highlights the important role of oligotrophs, which are
often understudied in incubation experiments, especially on
recalcitrant carbon oxidation. The growth of oligotrophs pro-
vides experimental evidence to support the metabolic roles of
those bacterioplankton revealed from previous genomic stud-
ies. In the future, mixtures of DOM compounds that are
more representative of overall recalcitrant DOM pool in sea-
water, such as SPE extracted DOM, might be used to further
investigate microbial response to natural complex recalcitrant
DOM and potential degraders of recalcitrant DOM in the
ocean.
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